The spacing patterns and mating systems of solitary carnivores have important implications for social behavior and for the survival and reproduction of individuals. Over 2 years, we reintroduced 32 (15 males and 17 females) bobcats (Lynx rufus) to a barrier island off the coast of Georgia and studied patterns of bobcat spatial distribution. Population density increased to 3.1 bobcats/10 km 2 . We found overlap of the home range for all females on the island increased during 1989-1991 such that, on average, each female shared a home-range area with the equivalent of .2 other females, and for core areas overlap was equivalent to sharing a core area with nearly 1 other female. Reproduction and home-range overlap were related inversely and food resources did not seem to be limiting. Our results were consistent with the land tenure concept in that the initial reintroduced bobcats established home ranges that changed little in size and location. However, bobcats resident on the island for !1 year did not successfully exclude newcomers from their home ranges or core areas and no bobcats retained areas of exclusive use from conspecifics of the same sex. We suggest that the propensity of female bobcats to reproduce successfully may be related to their access to exclusive use areas even under conditions of adequate or good food availability. Under the conditions in this study (moderate bobcat density, adequate food availability, and limited dispersal) bobcats exhibited no evidence of an ability to exclude other adult individuals from their home ranges or core areas.
Bobcats (Lynx rufus), like most felids, are essentially solitary with direct social interactions only occurring among females with kittens and between males and females during the breeding season (Packer 1986 ). Anderson and Lovallo (2003) reviewed published literature on bobcats and reported that all studies found significant intersexual overlap of home ranges and varying degrees of intrasexual overlap. Generally, females are more likely to have nonoverlapping home ranges, whereas home ranges of males may have substantial intrasexual overlap and encompass the home ranges of multiple females.
The degree to which bobcats are territorial is not well understood, because documented incidences of aggression are lacking (Benson et al. 2004 ) and movements of bobcats only can be monitored indirectly via radiotelemetry. We define a home range to be the area traversed by an animal in the course of its normal activities (sensu Burt 1943) , and define a territory to be a ''defended'' area to the exclusion of conspecifics (Begon et al. 1990) . It is believed that bobcats passively exclude conspecifics via deposition of scats and scent marking, and rarely rely on physical confrontation (Anderson and Lovallo 2003; Bailey 1974) .
The pattern in which bobcats secure and retain home-range areas has been described as a system of ''prior rights'' and ''land tenure'' (Bailey 1974 (Bailey , 1981 , whereby the 1st bobcat to occupy an area is therein successful in excluding other bobcats (e.g., neighboring conspecifics or dispersers) and maintains the rights to this area. This pattern has been observed in males and females (Anderson and Lovallo 2003) . Anderson (1988) confirmed this relationship by experimentally removing a freeranging male bobcat from its home range and observed a neighboring male bobcat shift its home range into the vacancy created by the experimental removal. Nielsen and Woolf (2001) and Chamberlain and Leopold (2001) reported that core areas of bobcat home ranges, especially those of females, were nearly exclusive to conspecifics of the same sex. These observations suggest that bobcats can be territorial in the sense that they generally maintain areas to exclude conspecifics of the same sex.
Studies of bobcats have reported increases in home-range size and intrasexual overlap with reduced prey density (Buie et al. 1979; Knick 1990; Litvaitis et al. 1986 ). Others have suggested that only low to moderate population densities would result in little overlap among conspecifics of the same sex (Buie et al. 1979; Rolley 1983; Zezulak and Schwab 1979) , although studies with greater densities have reported exclusive male or female home ranges (Lembeck and Gould 1979; Miller and Speake 1979) . If territoriality permits individuals to control food resources to the exclusion of conspecifics, then overlap in home ranges is predicted to be least when it is possible to defend food resources, and greatest when either food is superabundant or scarce (Maher and Lott 2000; McLoughlin et al. 2000) . If food resources limit reproduction, then bobcats should reproduce only when food resources are abundant, regardless of their ability to defend territories. In contrast, the infanticide hypothesis (Wolff 1997) predicts that reproduction will occur only when females can maintain areas of exclusive use and defend it from conspecific females.
Nearly all details regarding bobcat social organization and spatial distribution have been obtained by studying patterns of home-range use by capturing free-ranging bobcats and monitoring their movements via radiotelemetry. Consequently, all studies have been fraught with the problem that an unknown proportion of the population was monitored. Anderson (1987:15) noted that the ''true relationship of bobcat density to degree of overlap may be obscured by sampling problems.'' Thus, inferences regarding the spatial distribution of bobcats may be incorrect in studies that failed to monitor all individuals of the population.
We reintroduced bobcats to Cumberland Island, Georgia, from which bobcats had been extirpated in the early 1900s (Diefenbach et al. 1993) . Cumberland Island has a warm, temperate to subtropical climate that should be able to sustain a bobcat population because there were no terrestrial mammalian predators on the island (except the raccoon [Procyon lotor]) before our reintroduction and populations of preferred bobcat prey were present. We monitored nearly all bobcats in the population to determine reproduction and intrasexual overlap with minimal confounding effects of monitoring an unknown proportion of the population. We used the opportunity of having nearly all bobcats in the population radiocollared to observe space-use patterns and assess if they were consistent with the concepts of prior rights and land tenure. If these concepts accurately describe bobcat social organization, we predicted that bobcats would have very limited intrasexual overlap of core-use areas, and that bobcats released during the 2nd year of the reintroduction would be excluded from areas already containing bobcats of the same sex released during the 1st year of the reintroduction.
MATERIALS AND METHODS
Study area.-Cumberland Island, a coastal barrier island 0.5 km north of the Georgia-Florida border (308489160N, 818279360W), was designated a National Seashore in 1972 (Public Law 92-536) to be administered by the United States Department of the Interior, National Park Service. The island is 25 km long, varies in width from 1 to 6 km, and is separated from the Georgia mainland by 2-4 km of salt marsh and open water. To the north, separated ,0.25 km by salt marsh and a tidal creek, is Little Cumberland Island, which is relatively undeveloped and contains the same habitats.
The eastern shores of the islands face the Atlantic Ocean. Behind the primary dune is an interdune meadow, 200 m in width and dominated by waxmyrtle (Myrica cerifera). The interior forests of the islands are composed of live oak (Quercus virginianus) and pines (Pinus) with much of the understory dominated by monoculture stands of sawtooth palmetto (Serenoa repens). Freshwater wetlands generally follow natural depressions between former dune ridges in the interior of the islands. The western edges of the islands are salt marsh.
Cumberland ), and salt marsh (4.8 km 2 ). Hereafter, we refer to the 2 islands together as Cumberland Island.
The climate is warm temperate to subtropical, with normal mean temperatures ranging from 128C in January to 288C in July (Johnson et al. 1974) . The average annual rainfall is 134 cm, with the wettest months being June through September ( " X ¼ 16 cm/month) and the driest months being October, November, and April ( " X ¼ 7 cm/month). Hillestad et al. (1975) described the study area in detail.
Historical records indicated that bobcats were likely indigenous to the island and were extirpated around 1907 (Diefenbach et al. 1993) . The National Park Service allows limited public hunts on the island for white-tailed deer (Odocoileus virginianus) and feral swine (Sus scrofa). Potential prey species on the island were feral swine, whitetailed deer, hispid cotton rats (Sigmodon hispidus), cotton deermice (Peromyscus gossypinus), eastern gray squirrels (Sciurus carolinensis), marsh rabbits (Sylvilagus palustris), and 9-banded armadillos (Dasypus novemcinctus).
Reintroduction and monitoring of bobcats.-Bobcats reintroduced to the island were adults captured on the coastal plain of Georgia, and the translocation methods were described in detail by Diefenbach et al. (1993) . During late September through December of 1988 and 1989 we released 3 groups of 4-6 bobcats approximately every 30 days at locations throughout the island, for a total of 32 bobcats. Details on the release procedure were described in Diefenbach et al. (1993) . All bobcats were adults (.1 year old) and each was fitted with a radiocollar before its release on the island. We conducted trapping on the island to recapture bobcats to assess their physical condition and to capture and radiocollar bobcats born on the island. We followed guidelines established by the American Society of Mammalogists in the care and handling of bobcats (Animal Care and Use Committee 1998) .
We monitored the survival and movements of bobcats via triangulation of radiosignals from the ground or by determining the location of signals from fixed-wing aircraft. We located bobcats throughout the year, recorded x-y locations via Universal Transverse Mercator meter coordinates, and attempted to obtain locations throughout the 24-h day (James 1992) . We analyzed only locations obtained at times separated by !24 h because analysis of autocorrelation among locations (Swihart and Slade 1985) indicated locations separated by !24 h were reasonably independent.
We monitored reproduction by conducting intensive radiotelemetry monitoring of female bobcats during the denning season. Once a female exhibited restricted movements and repeated visits to the same location, !3 people would search for the den. Females with kittens usually remained at the den site until approached to within a few meters. A more detailed description of methods is provided by Ragsdale (1993) .
We calculated population density as the number of bobcats on the island divided by area of the island. In 1989, adult population size (density) was known, but by 1990 kittens born on the island in 1989 were 1 year old and adult population size had to be estimated. Therefore, for 1990 and 1991 we used estimates of reproduction and survival to estimate population size (see Diefenbach 1992) .
We analyzed locations for each bobcat on an annual basis. Although we reintroduced bobcats late in the years 1988 and 1989 (OctoberDecember), we refer to them as the ''1989 reintroduction'' and ''1990 reintroduction,'' respectively, because we used only bobcat locations collected after 1 January 1989 from individuals reintroduced in 1988, and similarly, we used only locations collected after 1 January 1990 from bobcats reintroduced in 1989. We included bobcats born in 1989 in our analyses beginning in 1991.
Stability of home ranges.-To assess the stability of home ranges established by bobcats on the island, we assessed changes in homerange size, changes in overlap of home-range boundaries among years, and shifts in the centroid of locations among years. To test for changes in home-range size of bobcats over years, we calculated the average distance between all possible pairs of locations (d) for each individual bobcat for each year (Cade and Richards 2001) . We used this metric of home-range size rather than a traditional home-range estimator (e.g., minimum convex polygon) because statistics based on Euclidean distances have greater power to detect changes in distribution patterns (Cade and Richards 2001) . Moreover, analyses based on home-range areas disregard information about the nonuniform use of area within the home-range boundary.
We used d in a repeated-measures analysis of variance (ANOVA; PROC GLM, REPEATED statement, SAS Institute Inc. 1999) to test for changes in home-range dispersion, with sex of bobcats as a group effect, over time. A sphericity test was used to test if the covariance matrix satisfied the Huynh-Feldt condition for univariate tests. If the sphericity test was rejected, we used probabilities for F-statistics adjusted by Huynh-Feldt epsilon (a ¼ 0.10). We tested for changes in annual home-range size over 1989, 1990, and 1991 for the 1989 reintroduction, and changes in annual home-range size between 1990 and 1991 for the 1990 reintroduction. Because PROC GLM requires data for all years from each bobcat, we used data only from bobcats in which we had data for all 3 years for the 1989 reintroduction and both years for the 1990 reintroduction.
We calculated a 95% utilization distribution (UD) using a kernel home-range estimator for each bobcat. The UD for each bobcat was calculated using program KERNELHR (Seaman et al. 1998 ) and analyzed all bobcats of each sex on a single grid (160 Â 160 m) using least-squares cross-validation to select the level of smoothing. Each grid cell within the home range contained a z value that represented relative use by the bobcat (Seaman et al. 1998 (Seaman et al. , 1999 . To assess homerange stability, we then calculated the percentage of the UD volume that occurred outside the home-range area of the previous year.
To further assess home-range stability, we examined plots of x-y locations for evidence of shifts in the center of home ranges within and between years. For locations within a year, we plotted locations sequentially and examined these plots for evidence that a given bobcat's home range may have shifted, which could bias positively our measures of home-range size. We examined the data for shifts in home-range location among years by calculating changes in the mean x-y coordinate.
Intrasexual overlap.-To examine intrasexual overlap in the spatial distribution of bobcats, we calculated a 95% and 50% UD for each bobcat. The UD for each bobcat was calculated using program KERNELHR, in which each grid cell within the home range contained a z value that represented relative use by the bobcat (Seaman et al. 1998 (Seaman et al. , 1999 . We analyzed all bobcats of each sex on a single grid using least-squares cross-validation to select the level of smoothing. After excluding 5% (for 95% UD) or 50% (for 50% UD) of the grid cell volume by removing cells with the smallest z values, we transformed the z values so the 95% and 50% UDs summed to 1.0.
For each bobcat for every year the bobcat was on the island, and for 95% and 50% UDs, we calculated an intrasexual overlap index (OI)
where i indexes each bobcat, j is the year, UD ij is the proportion of the utilization distribution for bobcat i in year j that is overlapped by k bobcats of the same sex. Therefore, the OI for each bobcat can range from zero (no overlap) to n (all bobcats of the same sex encompassed the same home range). We calculated the OI for each bobcat based on all other bobcats present on the island. We used the OI in a repeatedmeasures ANOVA (a ¼ 0.10) to test for changes in overlap over time and for differences between sexes. Whenever we calculated mean values of d and OI for a given sex and year, we calculated a 95% confidence interval (CI) using the following:
where h represents d or OI and
RESULTS
Reintroduction and monitoring of bobcats.-In 1988 we reintroduced 3 males and 11 females, of which 1 female died in January 1989, 1 female returned to the mainland in February 1989, the radiotransmitter failed on a female in March 1990, and a male died in June 1991. In September-December 1989 we reintroduced an additional 18 bobcats (12 males and 6 females), of which 1 male died upon release, 1 male died in October 1990, another male died in November 1990, and a female died in July 1991. We monitored all bobcats via radiotelemetry through August 1991. Of the reintroduced bobcats that remained on the island, we monitored all but 1 female during the study. In addition, we included in our analyses data from 1991 for 2 adult males and 1 female that were born on the island in 1989.
In 1989 we documented 10 kittens born in 4 litters, of which we monitored 3 from 4 to 10 months of age, captured and radiocollared 3 as adults in 1990, and recovered the carcass of 1 that died at 2 years of age. In 1990, we located 1 den with 2 kittens, and in 1991 we found no evidence that any females denned, although later in the year we observed two 3-to 4-month-old kittens that were born on the island. Recaptures of females for which we did not find dens with kittens indicated that they were not lactating and were unlikely to have produced young (Ragsdale 1993) .
Population density in 1989, after the 1st reintroduction, was 1.2 adult bobcats/10 km 2 , of which male densities were 0.3 bobcats/10 km 2 and female densities were 1.0 bobcats/10 km 2 . In 1990, bobcat density was 3.1 bobcats/10 km 2 , of which male density was 1.5 bobcats/10 km 2 and female density was 1.6 bobcats/10 km 2 . In 1991, we did not know the exact density of adult bobcats because of uncertainty regarding number of kittens born in 1989 that entered the adult population. However, bobcat density was approximately the same as in 1990 because known mortality of adults and estimated recruitment to the population were similar (Diefenbach 1992) .
Stability of home ranges. Our review of locations for each bobcat each year did not suggest any shifts in their distribution within a calendar year. Nearly half (47%, n ¼ 36) of shifts in home-range centers between years were shifts of 600 m (Table 1) . Males of the 1989 and 1990 reintroductions exhibited greater shifts between years in home-range centers than did females, especially between the 1st and 2nd year on the island. No females shifted their home-range center .2.9 km, and only 4 of 21 shifted their home-range center .1 km for all female bobcats and years.
In no instance did a bobcat completely abandon a homerange area between years, although bobcats shifted the distribution of locations within a home-range area and may have expanded or reduced their home-range area. Between 1989 and 1990, the average proportion of the 1990 UD outside the 1989 home-range boundary was 18.4% (range 1.4-52.1%) for females and 36.7% for males (range 12.1-53.1%). Between 1990 and 1991, the average proportion of the 1991 UD outside the 1990 home-range boundary was 17.7% (range 0.3-71.7%) for females and 34.9% (range 9.8-57.3%) for males.
Intrasexual home-range overlap for 95% UD.-We found that home-range overlap increased over years for bobcats reintroduced in 1989 (F ¼ 22.19, d.f. ¼ 2, 18, P , 0.001; Table  2 ) but declined for the 1990 reintroduction (F ¼ 13.16, d.f. ¼ 1, 14, P ¼ 0.003; Table 2 ). By 1991, average overlap among bobcats was equivalent to each male bobcat sharing its home range with 3 other males, and each female sharing its home range with 2 other females ( Table 2) . For males and females from the 1989 reintroduction there was an interaction between year and sex (F ¼ 7.25, d.f. ¼ 2, 18, P ¼ 0.005) in overlap; overlap among males was less than among females in 1989 but was greater in 1990-1991 (Table 2) . Males exhibited greater overlap than did females for the 1990 reintroduction (F ¼ 7.26, d.f. ¼ 1, 14, P ¼ 0.017) and the interaction between year and sex was significant (F ¼ 6.62, d.f. ¼ 1, 14, P ¼ 0.022) because males from the 1990 reintroduction exhibited a greater decline in overlap than did females (Table 2) .
Intrasexual home-range overlap for 50% UD.-For the 1989 reintroduction, we found no difference in overlap between sexes (F , 0.01, d.f. ¼ 1, 9, P ¼ 0.949), an increase in overlap among years (F ¼ 4.20, d.f. ¼ 2, 18, P ¼ 0.048), but no interaction between year and sex (F ¼ 1.13, d.f. ¼ 2, 18, P ¼ 0.333; Table  2 ). Home-range overlap for the 1990 reintroduction indicated no difference between males and females (F ¼ 2.21, d.f. ¼ 1, 12, P ¼ 0.163), a decline in overlap between 1990 and 1991 (F ¼ 4.97, d.f. ¼ 2, 12, P ¼ 0.046), and no interaction between years and sex (F ¼ 0.25, d.f ¼ 2, 12, P ¼ 0.627; Table 2 ). At the end of our study, the average overlap among males and females was equivalent to each bobcat sharing a core area with approximately 1 other bobcat for the 1989 reintroduction and approximately 0.75 bobcats for the 1990 reintroduction (Table  2 ; Figs. 3 and 4) . 
DISCUSSION
We believe our observations of the spatial patterns of bobcats are consistent with some aspects of the concepts of prior rights and land tenure as proposed by Bailey (1974) . Because of the substantial overlap in home ranges, our results do not support a hypothesis that land tenure is related to securing exclusive access to food resources at the food resource densities observed in our study, which we judged to be adequate to abundant. Baker et al. (2001) monitored relative abundance of prey and bobcat food habits on the island. Marsh rabbits, a preferred bobcat prey item, exhibited a 14-fold decline in abundance between July and November 1989, which coincided with extensive flooding on the island. However, marsh rabbits were restricted primarily to the interdune meadow and wetland habitats, and many bobcats established permanent home ranges in areas where marsh rabbits were rare. Baker et al. (2001) reported that with the decline in marsh rabbits, bobcats shifted their diet to other prey items, especially white-tailed deer, but they found no evidence food was limiting. Bobcats recaptured during 1989-1991 increased their body mass, on average, 12% (n ¼ 17), of which females increased an average 17% (n ¼ 7- Diefenbach et al. 1993) . Moreover, few bobcats established home ranges encompassing the interdune meadow of the eastern shore, the most extensive habitat for marsh rabbits, yet they still exhibited weight gains. Consequently, the observed weight gains and the lack of change, or slight decline, in homerange areas further suggest that bobcats were not limited by food availability. Bobcat populations whose prey species experience population crashes exhibit large increases in home-range size of individuals (e.g., Knick 1990 ).
In addition, we have no evidence that other environmental factors identified by Bailey (1981) as important to reproduction in bobcats might have limited the population. Den sites were not a limiting factor because most females placed their dens on the ground under dense vegetation (Ragsdale 1993) , which, unlike denning sites in the western United States (Bailey 1974) , was widespread on the island. Also, annual survival of adult bobcats was 93% (Diefenbach 1992) , which indicated mortality factors were not limiting the population; annual survival is about 75% in harvested populations (Chamberlain et al. 1999 ).
As we increased population density, which was associated with increased overlap of home ranges and core areas (Table  2) , we observed a significant decline in reproduction. In each of the 2 breeding seasons after the 1990 reintroduction to the island, Ragsdale (1993) documented only 1 litter born on the island. Despite the lack of females producing young, we detected pairing of males and females during the breeding season. Knick (1990) reported evidence of placental scars in reproductive tracts of nonterritorial females (e.g., transients and juveniles that remained in their natal home range), but they failed to raise kittens. Knick (1990) concluded that possession (Ád, units ¼ m) , shifts in the home-range center ( " X of x-y locations), and volume of the 95% fixed-kernel utilization distribution (UD) outside the home-range boundary of the previous year for bobcats reintroduced to Cumberland Island, Georgia, 1989 -1990 of a territory seemed essential for females to raise young. Lembeck and Gould (1979) observed a negative relationship between population density and reproduction, in which they reported that 100% of females produced young when population densities were least and only 50% produced young when densities were greatest. Wolff (1997) proposed that females seek exclusive use of home-range areas to prevent infanticide from conspecific females. Given that we observed no denning behavior, perhaps the inability to avoid conspecifics triggers a physiological response that reduces the fertility of females (Archer 1979) ; however, infanticide is difficult to document in bobcats.
The home ranges of female bobcats reintroduced in 1989 were smaller than those of females reintroduced in 1990 (Fig.  1) , and exhibited smaller changes in size and shifts in location (Table 1) . This pattern of home-range establishment is consistent with the hypothesis of land tenure proposed by Bailey (1974) and with the observations of Anderson (1988) , who experimentally removed a male bobcat and observed an adjacent male occupy the vacant home range. However, we observed substantial intrasexual overlap of female home ranges (95% UD) and core areas (50% UD; Table 2), which generally has not been reported for bobcats (Anderson 1987 The opportunity to reintroduce bobcats to an island allowed us to monitor nearly all the bobcats on the island for 3 years. However, of concern is whether these reintroduced bobcats behaved differently than mainland populations. We increased population density on the island to 3.1 bobcats/10 km 2 , which was within the range reported for bobcats in South Carolina and Florida (1.0-10.0 bobcats/10 km 2 - Conner et al. 1992; Guenther 1980; Kight 1962; Wassmer et al. 1988 ) and less than one-third of the greatest population densities reported in the literature (10-15 bobcats/10 km 2 -Anderson 1987). Emigration was clearly limited on Cumberland Island, although 1 reintroduced female bobcat returned to the mainland from the 1st reintroduction group of bobcats, and immigration was not known to have occurred since bobcats were extirpated in the early 1900s (Diefenbach et al. 1993) . Home ranges were remarkably stable, especially for female bobcats on the island (Table 1) . Nielsen and Woolf (2001) defined a stable home range as one in which home-range boundaries overlapped between years and they reported 8% (n ¼ 52) of bobcats shifted their home range; none of the bobcats on Cumberland Island shifted their home range according to this definition. Moreover, bobcats on Cumberland Island had normal home-range sizes. We found that estimates of average annual home-range area Chamberlain and Leopold 2001) . Consequently, we have no evidence that the reintroduced population differed from mainland populations in terms of population density, home-range size, or home-range stability.
Evaluating overlap using a 95% UD could have resulted in substantial overlap observed among bobcats, although core areas of the home range could have provided exclusive home-range areas where food resources were defended (Chamberlain and Leopold 2001; Jonsson et al. 2002; Nielsen and Woolf 2001) . Consequently, large OI values for the 95% UD may not necessarily indicate a failure to maintain an area of exclusive access (e.g., Jonsson et al. 2002) . However, the overlap among core areas (50% UD) indicated that, on average, bobcats shared their core area with almost 1 conspecific of the same sex (Table 2) .
We agree with Benson et al. (2004) that bobcat social organization may be more complex than previously reported. Research on bobcats and mountain lions suggested that juveniles delay reproduction until a vacant home range is sequestered (Litvaitis et al. 1987; Seidensticker et al. 1973 ). We found little evidence for defended territories in male or female bobcats at greater population densities because we observed high adult survival rates, no physical injuries of recaptured animals, and little shift in home ranges as they were shared with more individuals. Given the inverse relationship we observed between home-range overlap and reproduction, we suggest that establishment of exclusive use areas by females may be important for successful reproduction, and that the social conditions necessary for maintaining these exclusive areas are less likely to occur at greater population densities or in the absence of disperal opportunities, thereby reducing population productivity even without food limitation.
